Background: It has long been established that obesity plays a positive role against osteoporosis (OP) and lowimpact fractures (Fx). However, more recent data has shown higher fracture risk in obese individuals. The aim of this study was to investigate the association between BMI, particularly obesity, OP and low-impact Fx in Brazilian women, as well as to evaluate the SAPORI (Sao Paulo Osteoporosis Risk Index) tool performance to identify low BMD according BMI category. Methods: A total of 6182 women aged over 40 years were included in this cross-sectional analysis using data from two large Brazilian studies. All participants performed hip and spine bone mineral density (BMD) measurements and answered a detailed questionnaire about the presence of clinical risk factors (CRFs) related to low BMD and risk fractures. The World Health Organization (WHO) criteria were used to define obesity. Results: Age-adjusted osteoporosis prevalence was 20.8, 33.6, 47 and 67.1% in obese, overweight, normal and underweight category, respectively. Obesity was present in 29,6% (1.830 women) in the study population and the likelihood of osteoporosis and low-impact Fx compared to a normal BMI in this subgroup was of 0.24 (95% CI 0.20-0.28; p < 0.001) and of 1.68 (95% CI 1.35-2.11; p < 0.001), respectively. However, the hip Fx likelihood was lower in obese compared with non-obese women (OR = 0.44; 95% CI 0.20-0.97). Using an originally validated cut-off, the SAPORI tool sensitivity was significantly hampered in overweight and obese women although the accuracy had remained suitable because of increasing in specificity. Conclusions: The osteoporosis prevalence reduced as BMI increased and obesity was associated with low-impact Fx, regardless of the BMD measurements. Moreover, the SAPORI performance was impaired in obese women.
Background
Obesity and osteoporosis (OP) are two major public health problems with increasing prevalence worldwide and high impact on morbidity and mortality [1] [2] [3] . Osteoporosis is a silent metabolic bone disease characterized by bone loss and microarchitectural deterioration and higher susceptibility to fragility fracture. It has a relevant global burden, including almost 9,000,000 new osteoporotic fractures worldwide, as well as disability, quality of life impaired and death [1, 4] . The World Health Organization (WHO) defines obesity when the body mass index (BMI) is higher than 30 kg/ m 2 , with an abnormal or excessive fat accumulation and higher cardiovascular and metabolic risk [5] .
According to the Brazilian Institute of Statistics and Geography over than 50% of population has been considered as overweight or obese, especially after 50 years [6] . Brazilian epidemiological studies also showed that the prevalence of osteoporosis and low-impact fractures is high [7] [8] [9] [10] [11] .
BMI is an important aspect related to bone mineral density (BMD) measurements. Until recently, individuals with high BMI had some protection against fractures [12] . However, more recently epidemiological studies have shown that osteoporosis and obesity may coexist and could share complex pathophysiological mechanisms, including genetic, environmental, and hormonal factors [12, 13] . The relationship between the BMI and the fracture risk is inverse and non-linear. Patients with BMI below 20 kg/ m 2 have higher risk and it is associated with low spine and hip BMD measurements. Nonetheless, only small decreases of fracture risk have been reported in individuals with BMI above 25 kg/ m 2 [14] . In addition, it has been hypothesized that obese individuals have inappropriately lower BMD than expected for their body weight, increasing the fracture risk [15] [16] [17] .
Risk factors for fracture in obese individuals appear to be similar to those in non-obese populations, except some different patterns of falling [18, 19] . Several tools have been developed to estimate the individual risk of osteoporotic fracture [20, 21] . The SAPORI (Sao Paulo Osteoporosis Risk Index) is a Brazilian validated tool for identifying women at higher risk for low bone mineral density and osteoporotic fractures to recommend some BMD measurements. [22] .
The aim of this study was to investigate the BMI relationship, particularly obesity, with OP and low-impact Fx in women aged over 40 years, as well as to evaluate the SAPORI performance in predicting low BMD, according to each BMI category.
Methods
Two largest Brazilian epidemiological databases were used for this particular analysis: São Paulo Osteoporosis Study (SAPOS) and Sao Paulo Osteoporosis Risk Index (SAPORI). The first one was a population-based epidemiologic study for the assessment of risk factors for low-impact fractures and low spine or hip BMD (T-score ≤ − 2 SD) in 7533 women aged over 40 years from São Paulo, Brazil. Briefly, a total of 4332 fulfilled the eligibility criteria and a detailed questionnaire addressing clinical risk factors (CRFs) for OP and Fx, including demographic and anthropometrical data; gynecological and hormonal information; personal medical history; previous fractures; family history of femur fracture (FHHF) after 50 years of age in first-degree relatives; and details about current lifestyle habits (smoking, regular physical activity in the previous 12 months and regular intake of dairy products) [7] . Regular physical activity was defined as any physical activity performed for more than 30 min and during three or more times per week, excluding routine activities of daily living. Low-impact fracture was defined as caused by a fall from one's own height or lower after 50 years of age. The information regarding these fractures was self-reported by the individuals [7, 22] , including spine, hip and other non-vertebral fractures (humerus, distal forearm, ankle, pelvis, hands and feet). The categorization of dairy products daily intake was based on a frequency distribution of 200 mL (no serving, up to three servings, and three servings or more). All of them performed spine and hip BMD measurements by DXA (DPX NT, GE-Lunar). The height (cm) and weight (kg) were measured with the subject wearing light clothes and no shoes [7] .
The second one (SAPORI) was a study that aimed to validate a new tool to identify women under risk of low BMD using variables that were associated with higher risk for OP and Fx in the previous SAPOS study: age, weight, previous fracture, white color, current smoking, physical activity and family history of hip fracture. The SAPORI tool was subsequently validated in a second cohort of 1915 women from the metropolitan area of São Paulo. In both cohorts, the protocol for BMD measurements was the same and the sampling was considered representative of the Brazilian female population older than 40 years old, based on Brazilian Institute of Statistics and Geography (IBGE) [7, 22, 23] . Thus, the SAPORI tool had suitable performance to identify women with low bone mineral density (spine and hip) and low-impact fracture, with an area under the receiving operator curve (ROC) of 0.831, 0.724, and 0.689, respectively. The index or final score was obtained through simple mathematic equations. For instance, body weight contributes to 0.04 for each increase 1 SD hip BMD. Thus, the body weight is divided by 10 and then multiplied by 4. If the woman has already had any fracture, this simple risk factor contributes with 0.48 or 5 points for each 1 SD reduction. The other risk factors are counted in this way, according to the relevance of each one of them in the final regression model. Also, when the final value is greater or equal to zero it is considered as recommended screening for low bone mineral density [7, 22] .
For this study, 65 patients (1%) were excluded because missing data totalizing 6.182 women. The BMI category was defined according to the WHO classification: underweight (BMI ≤ 18.5 kg/ m 2 ), normal weight (BMI 18.5-24.9 kg/ m 2 ), overweight (BMI 25-29.9 kg/ m 2 ), obesity (BMI ≥ 30 kg/ m 2 ) [24, 25] . Also, according to the WHO classification, osteoporosis was defined when T-score (lumbar spine and/or total hip) below − 2.5 standard-deviation (SD) and osteopenia if T-score between − 1.01 and − 2.49 SD [26] . T-scores were used for all population (women aged > 40 years), following the guidelines of the Brazilian Society of Clinical Densitometry (ABRASSO) [27] .
The Research Ethics Committee of the Universidade Federal de São Paulo/ Escola Paulista de Medicina approved this study (CEP-0406/2015).
Statistical analysis
Categorical data were shown as frequency and percentages and were compared using Chi-squared or Fisher's exact test as appropriate. Continuous data were reported as mean ± SD. Logistic regression models were used to evaluate independent predictors of low-impact Fx and osteoporosis, separately. Variables that showed some correlation (P value < 0.1, by the Chi-squared test) were entered into a forward/backward selection procedure (both with P value thresholds lesser than 0.05 to entry and retention). Variables included in the final multivariable model were: age, skin color, current smoking and physical activity, FHHF, menopausal status, hormone replacement therapy (HRT) in the last 12 months and diabetes mellitus. In this case, two final models were tested 
Results

Population
A total of 6182 women were included in this analysis. The mean age was 60.7 ± 9.8 years, with White (76.8%) and postmenopausal (92.1%) predominance, although only 11.7% on HRT. The obesity prevalence was almost 30% (mean BMI = 34 ± 3.8 kg/m 2 ) and only 1.2% was underweight (Table 1) .
BMI and osteoporosis
The OP prevalence was 20.8, 33.6, 47 and 67.1% in obese, overweight, normal and underweight BMI category, respectively (Table 2) . After adjustments for the CRFs, the higher BMI had a protective role for OP (OR = 0.89; 95%CI 0.88-0.90; p < 0.01). In obese women, the likelihood for OP was lower (OR = 0.26; 95%CI 0.23-0.31; p < 0.01) than in underweight 
BMI and low-impact fracture
Low-impact fractures were self-reported by 756 women (12.2%), but there was no significant difference was observed regarding each BMI category (p = 0.81). On the other hand, there was a significant difference when the skeletal site was analyzed (p = 0.009; Fig. 2 ). Non-vertebral fractures were the most prevalent (distal forearm: 24.9%, metatarsus: 24.5%), followed by spine (7%) and hip (6.1%). In underweight women, there was significantly higher frequency of humerus and clavicle and the hip fracture was less common in obese women than non-obese group (7.4% vs. 3.4%; p = 0.047). Interestingly, obese and women with low-impact Fx had higher proportion of normal BMD than those with normal BMI (7.8% vs. 3.6%; p < 0.001; Fig. 3 ). After several adjustments for CRFs and BMD measurements (T-score values), it was observed that increasing BMI, the fracture risk also rises (OR = 1.03; 95%CI 1.02-1.05; p < 0.001), regardless each BMI category. This finding highlights that obese individuals had higher fracture risk than other BMI category, regardless BMD measurements. In addition, age (OR = 1.03; 95%CI 1.02-1.04; p < 0.001) (Table 3 ). In addition, diabetes mellitus had a tendency to be associated with low-impact Fx (p = 0.06).
SAPORI tool performance
Using an originally validated cut-off (greater or equal zero) for each BMI category, the SAPORI tool performance had sensitivity hampered in overweight and obese women (Fig. 4) . However, the accuracy remained suitable, due to increase of specificity (AUC ROC above 0.7 in all BMI categories) (Fig. 5 ).
Discussion
Our data showed that BMI played a relevant role on the prevalence of osteoporosis and caused impairment of SAPORI tool performance. On the other hand, it did not affect the prevalence of fragility fractures, suggesting that obese women are at risk for having low-impact fractures, regardless BMD measurements. Previous studies have shown a significant relationship between BMD measurements and BMI, where higher BMI increases BMD and losing weight reduces BMD measurements values [14, 17, 28] . Although there are some patients with osteoporosis, there are a significant number of low-impact fractures in our obese women group, as reported by recent meta-analysis [29] . These new findings are a paradigm break concerning the widespread belief that obesity is protective against fractures. However, it is worthy emphasizing that high BMI has a different influence on fracture risk according to skeletal site [30, 31] . Thus, the obesity becomes a risk factor for all low-impact non-vertebral fractures, except hip fractures [18, 32] . Another thing to be considered is higher ankle and humerus fracture risk in obese women observed by the Global Longitudinal Study of Osteoporosis [18] and a Spain based-population study [31] , respectively. Regarding vertebral fractures, there are conflicting data [33] [34] [35] [36] .
Several mechanisms may be involved on fracture risk in obese individuals, including site-specific BMI effects, as well as falls, reduced physical mobility, muscular weakness and postural instability. Obesity may predispose to falling backwards or side-wards rather than forwards and combined to protective reactions impairment (e.g. an outstretched hand), causes higher rate of wrist fracture. The main reason for justifying the lowest prevalence of hip fracture in obese people is associated to fat and soft tissue padding distribution [37, 38] .
Obese women with high values of spine or hip BMD measurements not necessarily is associated with lower risk of fragility fractures, because other aspects seem to be involved [14, 29] . More recently, the fat-bone tissue axis has highlighted that low BMD measurements itself cannot explain higher fracture risk in obese individuals. Thus, aspects related to bone quality are pointed out as potential markers of bone strength in this scenario [38] . Considering these qualitative aspects, a similar parallel could be addressed to diabetes mellitus (DM), since is demonstrated higher spine and femur BMD measurements, but also higher non-vertebral fractures [39] [40] [41] , where the resistance to insulin, hyperglycemia and higher advanced glycation end products levels on collagen bone fibers would cause lower bone strength and higher fracture risk. In addition, the diabetes-related complications, including poor balance and sight and peripheral neuropathy, may contribute to increased falling and fracture risk [41] . It is worthy emphasizing that although higher spine and hip BMD measurements have been observed in obese women with fractures, they may be inappropriately low for body weight, suggesting some lack of adaptive response [15, 16, 18] . Therefore, there is a growing awareness on how to identify bone fragility risk in obese individuals, considering that BMD measurements do not necessarily would cause higher fracture risk. Thus, other non-invasive methods to measure structural aspects of trabecular bone and cortical porosity, such as trabecular bone score (TBS) and high-resolution peripheral quantitative computed tomography (HR-pQCT), may have future applications for assessing the fragility fracture risk in obese individuals.
Numerous risk factors for osteoporosis and fractures have been used to develop several risk assessment tools, including the WHO Fracture Risk Assessment Tool (FRAX) algorithm, Q fracture algorithm and Garvan Fracture Risk Calculator, aiming to stratify individuals into 5-or 10-year fracture risk categories or to screen them for requesting BMD measurements. In general, the traditional CRFs for osteoporosis and fracture are similar between obese and non-obese women and it would not be necessary to individualize these indices regarding anthropometric data. Based on that, we decided to evaluate the SAPORI tool performance considering each BMI category. Interestingly, we demonstrated a significant impairment (50-60%) of its sensitivity when it was applied to obese group, suggesting that cut-off score adjustments are necessary in women with BMI above 30 kg/ m 2 . Although weight has been considered in several international screening tools, including OST, OSIRIS, ORAI, and Receiver-operating characteristic SCORE, none of them was separately tested according to BMI categories, and so, their sensitivity and specificity cannot be assured in obese patients [20, 22, [42] [43] [44] [45] [46] [47] .
Our study has some limitations, such as a cross-sectional design, lack of information about radiographic vertebral fractures and bone turnover markers, and inherent methodological problems concerning accuracy, precision and reliability of DXA measurements in obese [48] . On the other hand, it has several strengths, including a huge pioneer study to investigate specifically the relationship among anthropometric data, BMD measurements and fragility fractures, according to each BMI category, as well as to demonstrate the poorest tool performance to screen or to measure fracture or osteoporosis risk in obese.
Conclusions
In conclusion, our data highlighted obese women have the same prevalence of non-vertebral low-impact fractures than normal weight women, regardless spine or hip BMD measurements and traditional clinical risk factors, addressing that other bone and extra-skeletal aspects may be involved with bone fragility. For the first time, we demonstrated the performance of a screening tool is hampered in obese women, suggesting the necessity of calibrating the cut-off score, according to BMI category.
